The issue of pipeline scaling and oil-water separation caused by treating produced water in Alkali/Surfactant/Polymer (ASP) flooding greatly limits the wide use of ASP flooding technology. Therefore, this study of the demulsification-flocculation mechanism of oil-water emulsion in ASP flooding produced water is of great importance for ASP produced water treatment and its application. In this paper, the demulsification-flocculation mechanism of produced water is studied by simulating the changes in oil-water interfacial tension, Zeta potential and the size of oil droplets of produced water with an added demulsifier or flocculent by laboratory experiments. The results show that the demulsifier molecules can be adsorbed onto the oil droplets and replace the surfactant absorbed on the surface of oil droplets, reducing interfacial tension and weakening interfacial film strength, resulting in decreased stability of the oil droplets. The demulsifier can also neutralize the negative charge on the surface of oil droplets and reduce the electrostatic repulsion between them which will be beneficial for the accumulation of oil droplets. The flocculent after demulsification of oil droplets by charge neutralization, adsorption bridging, and sweeping all functions together. Thus, the oil droplets form aggregates and the synthetic action by the demulsifier and the flocculent causes the oil drop film to break up and oil droplet coalescence occurs to separate oil water.
Introduction
After years of development, most oil fields in China have now entered the late stage of high water cut development. Daqing Oilfield was the first in the world to commercialize the technology of Alkali/Surfactant/Polymer (ASP) flooding in 2014. ASP flooding has proved to be effective in improving oil recovery by 20% compared with water flooding. It has seen industrial application in the Daqing Oilfield [1] .
Although ASP flooding technology can greatly increase field output and oil recovery compared with water flooding, it also brings severe challenges to oilfield surface engineering. Compared with the new methods of development with less pollution such as microbial flooding and nano-fluid flooding [2] [3] [4] , pipeline scaling is a serious issue causing pipes to become easily blocked due to Polymers 2019, 11, 395 3 of 13 from ASP flooding. Therefore, we consider using a demulsification-flocculation method to improve the treatment effect of produced water. The produced water is firstly demulsified and then flocculated. In order to verify the feasibility of treatment of produced water by the demulsification-flocculation method, the demulsification-flocculation mechanism of oil-water emulsion in ASP flooding produced water must be fully understood. In this study, the effect of the demulsification-flocculation mechanism of oil-water emulsion from ASP flooding produced water was investigated with regards to interfacial tension, Zeta potential, and median size and microscopic morphology of oil droplets. Table 1 shows the experimental materials and sources used. Table 1 . Experimental drugs and sources.
Materials and Experimental Methods

Experimental Materials and Instruments
Drugs Sources
NaCl Tianjin Damao Chemical Plant Na 2 HCO 3 Tianjin Yaohua Chemical Plant Na 2 CO 3 Tianjin Yaohua Chemical Plant Na 2 SO 4 Tianjin Yaohua Chemical Plant CaCl 2 Harbin Xinda Chemical Plant MgCl 2 Tianjin Fuchen Chemical Plant Petroleum Ether Shenyang W&S Chemical Plant
All of the drugs above are analytical reagents.
Distilled water was used in the experiments. The crude oil had a moisture content of less than 0.5%, a viscosity of 60 mPa·s, and a density of 860 kg/m 3 Information regarding the experimental instruments is shown in Table 2 . 
Experimental Procedure
Preparation of simulated mineralized water. According to the underground water and discharge water qualities in the Daqing oilfield, mineralized water was prepared, and the salts contained in the mineralized water were as follows (mg/L): NaCl 1523, NaHCO 3 2820, Na 2 CO 3 168.7, Na 2 SO 4 10.5, CaCl 2 56.9, MgCl 2 ·6H 2 O 35.5. The degree of mineralization of the mineralized water was 4614.6 mg/L.
Preparation of simulated ASP flooding produced water. The simulated ASP flooding produced water with a polymer (HPAM) concentration of 400 mg/L, surfactant (ORS-41) concentration of 200 mg/L, and alkali (NaOH) concentration of 800 mg/L.
Treated with xylene, the 1% demulsifier was used as a solvent. The demulsifier solution was added into the produced water, stirred at a speed of 200 r/min for 2 min and settled in the 45 • C water bath for 4 h. The demulsifier, ZY, was a compound of DYRPR-1625 and DYRPR-1870 at a ratio of 3:1.
The flocculent was added into the produced water, stirred for 2 min at 200 r/min and settled in the 45 • C water bath for 4 h. The flocculent, WS, was a compound of CPAM and D2N-1650 at a ratio of 3:1.
Interfacial tension, Zeta potential and oil droplet size were measured after adding demulsifier and flocculent.
Experimental Methods
The experimental methods for the preparation of simulated ASP flooding produced water, determination of the interfacial tension, Zeta potential, oil droplet size and observation of the microscopic morphology of oil droplets were as follows:
Preparation of simulated ASP flooding produced water. The mineralized water was used to prepare simulated produced water from ASP flooding in the lab and the process is as follows: 200 g of mineralized water with 0.1% surfactant and 200 g of crude oil were added to a 500 mL jar. The mixture was then heated to 45 • C in a water bath for 60 min. Then, the mixture was emulsified for 5 min at 20,000 rpm with a T25 emulsifier (IKA Company, Guangzhou, China) to obtain a 50% oil-water mixture. Next, 0.4 g of the 50% oil-in-water emulsion was added to 99.4 mL mineralized water with different concentrations of oil displacement agents, and the mineralized water was shaken to produce simulated produced water with an oil concentration of 2000 mg/L.
Determination of the oil-water interfacial tension. The oil-water interfacial tension was determined by a spinning drop method and measured by the interfacial tension meter after 60 min. The rotation rate was 8500 r/min. The temperature was 45 • C. The oil-water interfacial tension was obtained by Equation (1):
where the ∆ρ is density between phases, kg/m 3 ; K is the amplification factor; dsv is droplet width, m; and S is speed, r/min. Determination of the Zeta potential. The Zeta potential of the produced water from the ASP flooding was conducted on a Micro electrophoresis apparatus. Firstly, 100 mL of the simulated produced water with the initial oil concentration of 1000 mg/L at different demulsifiers and flocculents were allowed to settle for 4 h at 45 • C. Then, a 5-10 mL sample was taken out of the jar with a syringe and added to the test utensil of the Micro electrophoresis apparatus for Zeta potential measurement. All measurements were repeated five times. The average values of these readings were reported.
Determination of the oil droplet size. The size of the oil droplets was determined by a mastersizer. All experiments were repeated for 3~5 times. The average values of these readings were reported.
Micrograph observations. A drop of produced water was placed on a glass holder held on the platform of a biological microscope and then observed and recorded on a camera. The magnification used was 10 × 40. 
Results
The Effect of Demulsifier on Interfacial Tension
The simulated ASP flooding produced water with 400 mg/L of the polymer concentration, 200 mg/L of the surfactant concentration and 800 mg/L of the NaOH concentration was prepared and settled in a 45 • C water bath for 4 h to study the effect on oil-water interfacial tension in Figure 1 . For the emulsion of ASP flooding produced water without adding a demulsifier, the effect of NaOH on interfacial tension of the system was mainly achieved by the surface-active components formed by the reaction with the acidic components and it had no obvious influence by itself on the interfacial tension. Surfactants had a great influence on the interfacial tension of the system, while the polymer had no effect on the interfacial tension. After adding the demulsifier, it can be observed that the demulsifier can reduce the oil-water interfacial tension. When the dosage of demulsifier increased from 0 to 100 mg/L, the interfacial tension of oil-water decreased from 4.425 mN/m to 1.325 mN/m, and then stabilized even with further addition from 100 mg/L to 200 mg/L. When the dosage exceeded 200 mg/L, the interfacial tension began to increase gradually. This is due to the fact that the very active demulsifier molecules can adsorb to the oil-water interface, thus reducing the oil-water interfacial tension. The adsorption of demulsifier molecules on the oil-water interface increased gradually with the increasing dosage of demulsifier. When the concentration reached 100 mg/L, the adsorption of demulsifier molecules on the interface reached saturation. Therefore, the oil-water interfacial tension decreased in concentration when the concentration of demulsifier further increased. Then, when the concentration of the demulsifier was higher than its critical micelle concentration (CMC), the demulsifier molecules began to aggregate into clusters to form micelles which caused the oil-water interfacial tension. In this case, the effect of demulsification and stabilization was reduced. Micrograph observations. A drop of produced water was placed on a glass holder held on the platform of a biological microscope and then observed and recorded on a camera. The magnification used was 10 × 40.
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The Effect of Demulsifier on Zeta Potential
The simulated ASP system with 400 mg/L of the polymer, 800 mg/L of NaOH concentration and 0~600 mg/L of the surfactant concentrations were prepared. Then, 100 mg/L of demulsifier ZY was added into the produced water. The ASP system was settled in a 45 °C water bath for 4 h to study the effect of the demulsifier on the Zeta of potential surfactants with different concentrations, as shown in Figure 2 . For the emulsion of ASP flooding produced water without adding demulsifier, the surfactants were absorbed onto the oil droplets with its non-polar head and polar head group extending in water. The Zeta potential on the surface of the oil droplet decreases 
The simulated ASP system with 400 mg/L of the polymer, 800 mg/L of NaOH concentration and 0~600 mg/L of the surfactant concentrations were prepared. Then, 100 mg/L of demulsifier ZY was added into the produced water. The ASP system was settled in a 45 • C water bath for 4 h to study the effect of the demulsifier on the Zeta of potential surfactants with different concentrations, as shown in Figure 2 . For the emulsion of ASP flooding produced water without adding demulsifier, the surfactants were absorbed onto the oil droplets with its non-polar head and polar head group extending in water. The Zeta potential on the surface of the oil droplet decreases quickly because the negative charges on the surface of the oil droplet increased. NaOH reacted with acidic components of crude oil and produced some surface-active components which adsorbed on the surface of oil droplets to reduce the Zeta potential. With increasing NaOH, the acid components were reacted completely. The electric double layer was compressed by the Na + at the oil-water interface, resulting in the Zeta potential increasing on the surface of the oil droplet. The Zeta potential increased as a result of the above two combined effects. The polymer had a limited effect on the Zeta potential and stability of the system because of its low surface activity. After adding demulsifier, the surfactant can significantly improve the stability of the system. A higher concentration of the surfactant results in better stability of the system [32, 33] . Compared to the system with no demulsifier, with 100 mg/L of demulsifier the absolute value of the Zeta potential on the surface of oil droplets decreased significantly at the same surfactant concentration and the stability of the system was changed from stable to unstable. The Zeta potential of the oil droplets changed from −41.234 mV to −15.547 mV because the 100 mg/L of demulsifier was added when the surfactant concentration is 0. The Zeta potential of the oil droplet was 62.3%. The Zeta potential of the oil droplet was changed from −67.125 mV to −30.625 mV when 100 mg/L of demulsifier was added to 200 mg/L of the surfactant solution. The absolute value of the Zeta potential of the oil droplet changed from 54.9% to 51.8% when the concentration of surfactant increased to 400 mg/L, while the absolute value of Zeta potential was stabilized with increasing surfactant concentration. The effect of demulsifier on the Zeta potential of oil droplets decreases gradually with increasing surfactant concentration.
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The Effect of Demulsifier on the Size of Oil Droplets
The simulated ASP system with 400 mg/L of the polymer concentration, 800 mg/L of NaOH and 200 mg/L of the surfactant were prepared. Then, 100 mg/L of demulsifier ZY was added into the produced water. The ASP system was settled in a 45 °C water bath for 2 h to study the effect of the demulsifier on the size of the oil droplet, as shown in Figure 3 . For the emulsion of ASP flooding produced water without adding demulsifier, NaOH and surfactant prevented oil droplets from coalescing but the polymer helped the oil droplets to coalesce. This is because the NaOH can react with the acidic components of crude oil and produce some surface-active components. Hence the oil-water interfacial properties changed, which can cause the oil droplets to become more stable. The size of oil droplets decreased with increasing surfactant concentration, which was due to the surfactant increasing the Zeta potential on the surface of the oil droplets and the electrostatic repulsion between oil droplets, resulting in a reduced probability of collision between oil droplets. The polymer had a dual function on the size of the oil droplet. On one hand, the polymer molecule had a bridging and flocculation effect for low polymer concentrations and compressed the double electric layer on the surface of the droplets, which is helpful for the aggregation and coalescence of 
The simulated ASP system with 400 mg/L of the polymer concentration, 800 mg/L of NaOH and 200 mg/L of the surfactant were prepared. Then, 100 mg/L of demulsifier ZY was added into the produced water. The ASP system was settled in a 45 • C water bath for 2 h to study the effect of the demulsifier on the size of the oil droplet, as shown in Figure 3 . For the emulsion of ASP flooding produced water without adding demulsifier, NaOH and surfactant prevented oil droplets from coalescing but the polymer helped the oil droplets to coalesce. This is because the NaOH can react with the acidic components of crude oil and produce some surface-active components. Hence the oil-water interfacial properties changed, which can cause the oil droplets to become more stable. The size of oil droplets decreased with increasing surfactant concentration, which was due to the surfactant increasing the Zeta potential on the surface of the oil droplets and the electrostatic repulsion between oil droplets, resulting in a reduced probability of collision between oil droplets. The polymer had a dual function on the size of the oil droplet. On one hand, the polymer molecule had a bridging and flocculation effect for low polymer concentrations and compressed the double electric layer on the surface of the droplets, which is helpful for the aggregation and coalescence of oil droplets. On the other hand, the polymer molecules covered the surface of the oil droplets creating a steric hindrance effect with a high concentration, which was not conducive to the coalescence of oil droplets. After adding demulsifier, the demulsifier molecules adsorbed onto the surface of the oil droplets, resulting in a weakening of the steric hindrance effect of the polymer molecules. Therefore, the polymer molecules in the produced water were beneficial in the separation of emulsions. The demulsifier can significantly increase the median diameter of oil droplets. The median diameter of oil droplets increased from 4.02 µm to 4.40 µm when settled for 4 h without a demulsifier. The small increase of oil droplets indicated that the ASP flooding produced water was very stable. However, when settled for 2 h with added demulsifier ZY, the median diameter of oil droplets increased from 4.02 µm to 30.54 µm. The significant increase in the median diameter of oil droplets showed that the oil droplets in the ASP flooding produced water had become unstable after adding demulsifier. In order to further study the effect of demulsifier on the size of oil droplets, the shapes of oil droplets in the simulated produced water in different conditions were investigated with a microscope. The results are shown in Figure 4 . The magnification used was 10 × 40. The size of the oil droplets was basically stable without demulsifier and settling for 2 h. The size of the oil droplets increased significantly after adding demulsifier and settled for 60 min. By increasing the settling time, the size of oil droplets increased gradually.
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oil droplets showed that the oil droplets in the ASP flooding produced water had become unstable after adding demulsifier. In order to further study the effect of demulsifier on the size of oil droplets, the shapes of oil droplets in the simulated produced water in different conditions were investigated with a microscope. The results are shown in Figure 4 . The magnification used was 10 × 40. The size of the oil droplets was basically stable without demulsifier and settling for 2 h. The size of the oil droplets increased significantly after adding demulsifier and settled for 60 min. By increasing the settling time, the size of oil droplets increased gradually.
By summarizing the above experimental results, the interaction of ASP with the added demulsifiers can be found. The effect of NaOH on the stability of produced water was mainly achieved by the surface-active components formed from the reaction with the acidic components of crude oil, which produces some surface-active components which adsorbed on the surface of the oil droplets. During demulsification, the demulsifier molecules can be adsorbed onto the oil droplets, replacing the surfactant absorbed on the surface of oil droplets and resulting in a weakening of the steric hindrance effect of the polymer molecules. The processes reduced interfacial tension and weakened interfacial film strength, so that the stability of oil droplets was decreased. At the same time, the demulsifier can also neutralize the negative charge on the surface of the oil droplet, reducing the electrostatic repulsion between the oil droplets and aiding the accumulation of oil droplets. By summarizing the above experimental results, the interaction of ASP with the added demulsifiers can be found. The effect of NaOH on the stability of produced water was mainly achieved by the surface-active components formed from the reaction with the acidic components of crude oil, which produces some surface-active components which adsorbed on the surface of the oil droplets. During demulsification, the demulsifier molecules can be adsorbed onto the oil droplets, replacing the surfactant absorbed on the surface of oil droplets and resulting in a weakening of the steric hindrance effect of the polymer molecules. The processes reduced interfacial tension and weakened interfacial film strength, so that the stability of oil droplets was decreased. At the same time, the demulsifier can also neutralize the negative charge on the surface of the oil droplet, reducing the electrostatic repulsion between the oil droplets and aiding the accumulation of oil droplets. 
The Effect of Flocculant on Interfacial Tension
The simulated ASP flooding produced water with 400 mg/L of polymer, 200 mg/L of surfactant concentration and 800 mg/L of NaOH concentration was prepared and settled in a water bath temperature of 45 °C for 4 h to study the effect of flocculant WS on oil-water interfacial tension. The effects of CPAM and D2N-1650 on oil-water interfacial tension were studied respectively under the same experimental conditions, as shown in Figure 5 . The flocculant WS can increase the oil-water interfacial tension. When the concentration of flocculant increased from 0 to 70 mg/L, the interfacial tension of oil-water increased from 4.425 mN/m to 6.153 mN/m. The flocculant WS can only slightly increase oil-water interfacial tension, and its ability to do so is a result of the CPAM in the flocculant WS. With increasing concentration of the flocculant WS, the concentration of polyacrylamide in the system increased. Therefore, the viscosity of the system increased and the transportation and adsorption of surfactant on the oil-water interface was influenced. Thus, the amount of surfactant reaching the oil-water interface decreased, resulting in an increase in oil-water interfacial tension. However, the hindrance was weak, so the increase of oil-water interfacial tension was limited. The flocculant CPAM had no effect on the oil-water interfacial tension [34] . Compared to flocculant D2N-1650, the flocculent CPAM played a larger role in reducing the oil-water interfacial tension. Finally, the concentration of flocculant WS can increase the oil-water interfacial tension. 
The simulated ASP flooding produced water with 400 mg/L of polymer, 200 mg/L of surfactant concentration and 800 mg/L of NaOH concentration was prepared and settled in a water bath temperature of 45 • C for 4 h to study the effect of flocculant WS on oil-water interfacial tension. The effects of CPAM and D2N-1650 on oil-water interfacial tension were studied respectively under the same experimental conditions, as shown in Figure 5 . The flocculant WS can increase the oil-water interfacial tension. When the concentration of flocculant increased from 0 to 70 mg/L, the interfacial tension of oil-water increased from 4.425 mN/m to 6.153 mN/m. The flocculant WS can only slightly increase oil-water interfacial tension, and its ability to do so is a result of the CPAM in the flocculant WS. With increasing concentration of the flocculant WS, the concentration of polyacrylamide in the system increased. Therefore, the viscosity of the system increased and the transportation and adsorption of surfactant on the oil-water interface was influenced. Thus, the amount of surfactant reaching the oil-water interface decreased, resulting in an increase in oil-water interfacial tension. However, the hindrance was weak, so the increase of oil-water interfacial tension was limited. The flocculant CPAM had no effect on the oil-water interfacial tension [34] . Compared to flocculant D2N-1650, the flocculent CPAM played a larger role in reducing the oil-water interfacial tension. Finally, the concentration of flocculant WS can increase the oil-water interfacial tension.
The Effect of Flocculant on Zeta Potential
The simulated ASP flooding produced water with 400 mg/L of polymer, 800 mg/L of NaOH and 200 mg/L of the surfactant was prepared. The flocculant WS was added into the produced water and both were settled in a water bath at a temperature of 45 • C for 4 h to study the effect of the flocculant on Zeta potential for the ASP flooding produced water. The effects of CPAM and D2N-1650 on Zeta potential were studied respectively under the same experimental conditions, as shown in Figure 6 . The flocculant CPAM and D2N-1650 can reduce the absolute value of the Zeta potential individually, however the interaction of the two flocculants can reduce the absolute value of Zeta potential even further. A large number of positive charges on the molecular chain from the flocculant CPAM neutralized the negative charge on the surface of the oil droplet. Then the absolute value of Zeta potential on the droplet surface decreased greatly. The flocculant D2N-1650 did not have positive charges. It can only bind the oil droplets together to produce precipitation through "adsorption bridging". Therefore, the influence of the flocculant D2N-1650 on the Zeta potential was limited. 
The simulated ASP flooding produced water with 400 mg/L of polymer, 800 mg/L of NaOH and 200 mg/L of the surfactant was prepared. The flocculant WS was added into the produced water and both were settled in a water bath at a temperature of 45 °C for 4 h to study the effect of the flocculant on Zeta potential for the ASP flooding produced water. The effects of CPAM and D2N-1650 on Zeta potential were studied respectively under the same experimental conditions, as shown in Figure 6 . The flocculant CPAM and D2N-1650 can reduce the absolute value of the Zeta potential individually, however the interaction of the two flocculants can reduce the absolute value of Zeta potential even further. A large number of positive charges on the molecular chain from the flocculant CPAM neutralized the negative charge on the surface of the oil droplet. Then the absolute value of Zeta potential on the droplet surface decreased greatly. The flocculant D2N-1650 did not have positive charges. It can only bind the oil droplets together to produce precipitation through "adsorption bridging". Therefore, the influence of the flocculant D2N-1650 on the Zeta potential was limited. 
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The Effect of Flocculant on the Size of Oil Droplets
The simulated ASP flooding produced water with 400 mg/L of polymer, 800 mg/L of NaOH and 200 mg/L of the surfactant was prepared. Then, 60 mg/L flocculant WS was added into the produced water and settled in a 45 °C water bath for 2 h to study the effect of flocculant on oil droplet median diameter, as shown in Figures 7 and 8 . The magnification used to produce Figure 8 
The simulated ASP flooding produced water with 400 mg/L of polymer, 800 mg/L of NaOH and 200 mg/L of the surfactant was prepared. Then, 60 mg/L flocculant WS was added into the produced water and settled in a 45 • C water bath for 2 h to study the effect of flocculant on oil droplet median diameter, as shown in Figures 7 and 8 . The magnification used to produce Figure 8 was 10 × 40. There is an obvious effect of the flocculant increasing the median diameter of oil droplets. The median diameter of oil droplets increased when settled for 2 h without flocculant. The limited increase indicated that the ASP flooding produced water was very stable. However, the median diameter of oil droplets increased from 4.02 µm to 20.15 µm when settled for 2 h with added flocculant into the system. The significant increase of the median diameter of oil droplets indicated that the oil droplets in the ASP flooding produced water had become unstable after adding flocculant. However, when compared with adding demulsifier ZY, the effect of flocculant WS was relatively small. In order to further investigate the effect of demulsifier on the size of oil droplets, the shapes of oil droplets in the simulated produced water at different conditions were studied with a microscope, the results of which are shown in Figure 8 . The size of oil droplets in the simulated produced water without flocculant was basically unchanged after settlement for 2 h. The size of oil droplets increased significantly after adding flocculant for settlement for 60 min. With an increase in settling time, the size of oil droplets increased gradually.
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Demulsification-Flocculation Mechanism of Oil-Water Emulsion
After comparison and analysis of the theoretical and experimental results, the mechanism of demulsification and flocculation was summarized, as shown in Figure 9 . The demulsifier molecules can be adsorbed onto the oil droplets, replacing the surfactant absorbed on the surface of oil droplet, to reduce the interfacial tension, and weaken interfacial film strength, so that the stability of oil droplets decreased. At the same time, the demulsifier can also neutralize the negative charge on the surface of the oil droplet, reducing the electrostatic repulsion between oil droplets, allowing the accumulation of oil droplets. The flocculant after demulsification of oil droplets by charge neutralization, adsorption bridging and sweep function together, so that the oil droplets form aggregates, then the synthetic action of the demulsifier and the flocculant causes the oil droplet film to break up and oil droplet coalescence occurs, so as to achieve the purpose of oil-water separation. 
Conclusion
In this paper, we studied the demulsification-flocculation mechanism of produced water from ASP flooding by considering oil-water interfacial tension, Zeta potential and the size of oil droplets of produced water with added demulsifier and flocculent through laboratory experiments.
We demonstrated that the demulsification-flocculation mechanism is feasible and can be applied to the produced water from ASP flooding. The demulsifier molecules can be adsorbed onto the oil droplets and replace the surfactant absorbed on the surface of oil droplets, thereby reducing the interfacial tension and weakening the interfacial film strength. The demulsifier can also neutralize the negative charge on the surface of oil droplets and reduce the electrostatic repulsion between them, which is beneficial in the accumulation of oil droplets. The flocculent after demulsification of oil droplets by charge neutralization, adsorption bridging, and sweep function together. Therefore, the oil droplets form aggregates and the synthetic action of the demulsifier. The flocculent causes the oil drop film to break and then the oil droplets coalesce, resulting in oil water separation. 
